Introduction {#sec1}
============

Type 2 diabetes mellitus (T2D) is a complex disease that has a strong impact on populations with genetic predisposition \[[@cit0001], [@cit0002]\], suggesting that susceptibility genes are triggered by shifts in non-genetic factors \[[@cit0003]\], such as diet and sedentary lifestyles. The risk of developing T2D is 40% for individuals who have one parent with this disease and almost 70% if both parents are affected \[[@cit0004]\]. Different approaches to understanding the background of the genetic variability in this complex and polygenic disease have been conducted in the past, including the candidate gene approach, linkage analysis, and genome-wide association studies \[[@cit0005]\], identifying approximately 153 genetic loci associated with risk of T2D and 24 genetic loci related to glycaemic traits \[[@cit0006]\]. These loci, previously linked to complex traits, should be replicated by various groups around the world and different populations for validation and used as genetic markers in diagnosis, prevention and treatment of the disease. This approach is relevant for Mexican mestizos because of the relatively recent admixture approximately 500 years ago \[[@cit0007]\].

The polymorphism rs10811661 upstream of *CDKN2A/B*, which may confer increased risk for T2D by affecting β-cell function, has been associated with T2D in Asian and European subjects in a meta-analysis \[[@cit0008]\]. *PPARGC1A* (rs8192678) has been associated with T2D in populations from Denmark and northern China \[[@cit0009], [@cit0010]\], and the *UCP2* (rs659366) gene has been associated with T2D and diabetic retinopathy in Shanghai, China \[[@cit0011]\]. These 2 variants have not been included in association studies with T2D in any Mexican mestizo population. Furthermore, the *VEGFA* (rs2010963) gene variant has been suggested to play a major role in proliferative diabetic retinopathy in subjects from India \[[@cit0012]\] and in a Chinese population \[[@cit0013]\], although is not associated with T2D in a United Kingdom Caucasian population \[[@cit0014]\]; and the *SIRT1* (rs7896005) gene variant had a reduced acute insulin response nominally associated with T2D in a Pima population \[[@cit0015]\]. Consequently, all five variants have the possibility to be associated with T2D in the Mexican mestizo population.

The aim of this study was to assess the association of metabolic traits with five single nucleotide polymorphisms (SNPs) (rs10811661, rs8192678, rs2010963, rs7896005 and rs659366) located in different genes (*CDKN2A/B*, *PPARGC1A*, *VEGFA*, *SIRT1* and *UCP2* respectively) in 415 unrelated Mexican mestizos from Mexico City with T2D.

Material and methods {#sec2}
====================

Subjects {#sec2.1}
--------

Unrelated Mexican mestizos with T2D (301 female and 114 male, with a median age of 56 years) referred to the Metabolic Diseases Research Unit between 2010 and 2014 with signed informed consent were enrolled in the study, which was previously approved by the institutional ethical and research committees of Centro Medico Nacional Siglo XXI of IMSS in Mexico City. A complete medical history of each patient was taken, including anthropometric measures, glucose levels, cholesterol, triglycerides, insulin and glycated haemoglobin (HbA~1c~). The diagnosis was confirmed according to the clinical criteria for T2D from the American Diabetes Association: fasting glucose greater than 126 mg/dl on more than one occasion, random glucose level higher than 200 mg/dl on at least two occasions or HbA~1c~ greater than 6.5%. The diagnosis of hypertension was made when systolic blood pressure (SBP) was ≥ 140 mm Hg and/or diastolic blood pressure (DBP) ≥ 90 mm Hg \[[@cit0016]\]. All subjects were considered Mexican mestizos if they were born in Mexico City, as traced back to the third generation \[[@cit0017]\]. In addition, Mexican mestizos are defined as Mexicans who have a relatively recent admixture (approximately 500 years ago) and exhibit strong genetic components of Native and European origin and, to a lesser extent, Asian and African descent \[[@cit0017]\]. Recent studies have shown no significant stratification effect in diabetes \[[@cit0018]\] and cardiovascular \[[@cit0019]\] studies in Mexican mestizos from Mexico City.

Exclusion criteria {#sec2.2}
------------------

The following exclusion criteria were included in this study: a) presence of clinically significant renal, respiratory, haematological, gastrointestinal, hepatic, neurological or other inherited disorder different to T2D capable of altering the glucose metabolism; b) volunteers born in other states of the country, with less than three generations living in Mexico City; c) self-administration of insulin or another medication to treat diabetes before the T2D diagnosis; d) familial relationship between participants; e) presence of substance abuse or alcoholism; f) pregnant women; g) volunteers with significant incomplete values in demographic or phenotypic data that could affect the statistical analysis.

Anthropometric variables and biochemical assays {#sec2.3}
-----------------------------------------------

Height and waist and hip circumference were measured to the nearest centimetre with a measuring tape. Patients were weighed before breakfast, at the same hour each day, without shoes and in light clothing. Body mass index (BMI) was calculated with the following formula: weight (kg)/height^2^ (m^2^). The homeostasis model assessment of insulin resistance index (HOMA-IR) was evaluated according to the HOMA calculator (version 2.2.3 HOMA, Oxford, England). Triglycerides, cholesterol, glucose and high-density lipoprotein cholesterol (HDL-C) were determined using the Biotecnica Automatic Analyser BT3000 (Biotecnica Instruments S.p.A, Rome, Italy). Insulin was determined using the Monobind Human Insulin ELISA (enzyme-linked immunosorbent assay) Kit (Monobind, Inc., Lake Forest, California, USA). Samples from individuals included in this study were obtained before the patient received any medical treatment and all T2D patients were newly diagnosed.

DNA isolation and genotyping {#sec2.4}
----------------------------

DNA was isolated with the Qiagen Gentra Puregene Blood kit (Qiagen, Hilden, Germany) from human nucleated cells from 5 ml of whole blood and quantified by a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA); five polymorphisms (rs10811661, rs8192678, rs2010963, rs7896005 and rs659366) located in five genes associated with diabetes or related traits in European and Asian populations ([Table I](#t0001){ref-type="table"}) were selected and genotyped using 5′ exonuclease TaqMan assay on a StepOnePlus System (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Ten percent of DNA samples were genotyped twice to confirm concordance.

###### 

Single nucleotide polymorphisms studied

  Gene         dbSNP        Type of polymorphism   Alleles   Location
  ------------ ------------ ---------------------- --------- -------------
  *CDKN2A/B*   rs10811661   Intergenic             T/C       9:22134095
  *PPARGC1A*   rs8192678    Missense               C/T       4:23814039
  *VEGFA*      rs2010963    5 prime UTR            C/G       6:43770613
  *SIRT1*      rs7896005    Intron                 A/G       10:67891367
  *UCP2*       rs659366     Upstream gene          C/T       11:73983709

dbSNP -- the single nucleotide polymorphism database.

Statistical analysis {#sec2.5}
--------------------

Statistical analyses were performed with IBM SPSS Statistics 24.0 (SPSS, Inc., Chicago, Illinois, USA). Baseline results were expressed as mean ± standard deviation (SD), and median (25^th^--75^th^ percentiles) and genotype frequencies were calculated by direct counting. The χ^2^ test for Hardy-Weinberg equilibrium was used to evaluate the deviation of equilibrium. Comparison of between-group differences in clinical and anthropometric variables was performed with ANOVA or the Kruskal-Wallis test, and categorical variables were analysed with the χ^2^ or Fisher's exact test.

Using the software Quanto 1.2.4 (University of Southern California, Los Angeles, California, USA) the main genetic effect (β~g~) was calculated with a statistical power of 80% and α = 0.05, taking into account the global minor allelic frequency informed in the Single Nucleotide Polymorphism Database (dbSNP) of Nucleotide Sequence Variation (<https://www.ncbi.nlm.nih.gov/snp/>) and the mean and standard deviation for each trait after normalisation of the values, using the dominant, recessive and additive models of inheritance. Linear regression analysis was used to test the association of polymorphisms and diabetes traits under the three models of inheritance. Those variables with non-normal distribution were rank-based inverse normal transformed to avoid confounding factors due to the preponderance of one sex and obese patients, and the linear regression analysis was adjusted for age, sex, and BMI. Additionally, an association test among paired SNPs was performed, and an interaction analysis between candidate genes associated in the paired SNP analysis was performed with GeneMANIA software ([www.genemania.org](http://www.genemania.org)) \[[@cit0020]\]. Additionally, a power analysis was performed in the most unbalanced variable. A value of *p* between \< 0.05 and \> 0.01 was considered to have nominal significance, and in post-Bonferroni correction 0.05/5, *p* ≤ 0.01 was significant.

Results {#sec3}
=======

Univariate analysis of risk factors for T2D in Mexican mestizos {#sec3.1}
---------------------------------------------------------------

The present analysis was performed to determine differences in the clinical, anthropometric and biochemical parameters of 415 (women = 301 and men = 114) unrelated Mexican mestizos with T2D. [Table II](#t0002){ref-type="table"} shows the univariate analysis of the population divided by sex. Both groups (women and men) have a similar distribution in age, and there were no differences in SBP, DBP, glucose, triglycerides, cholesterol, insulin, HDL-C or HbA~1c~ levels. Body mass index was significantly higher in women (29.13 ±7.19) than in men (26.95 ±3.85) with *p* \< 0.001, and HOMA-IR was also substantially higher in women (2.65 (1.69--4.49)) than in men (2.26 (1.41--3.72)), with *p* \< 0.001.

###### 

Biochemical and anthropometric data of Mexicans with T2D

  Clinical data           All patients (*N* = 415)   Women (*n* = 301)   Men (*n* = 114)     *P*-value
  ----------------------- -------------------------- ------------------- ------------------- -------------------------------------
  Age \[years\]           57.85 ±11.67               57.51 ±11.60        58.76 ±11.81        0.74
  BMI \[kg/m^2^\]         28.52 ±6.54                29.13 ±7.19         26.95 ±3.85         \< 0.001[\*](#tf2-1){ref-type="fn"}
  Weight \[kg\]           68 ±13                     66 ±13              73 ±13              \< 0.001[\*](#tf2-1){ref-type="fn"}
  Height \[cm\]           154 ±10                    151 ±7              164 ±9              0.014
  WHR                     0.91 ±0.07                 0.89 ±0.07          0.95 ±0.06          0.565
  HIP \[cm\]              103 ±13                    105 ±14             100 ±9              \< 0.001[\*](#tf2-1){ref-type="fn"}
  Waist \[cm\]            97 ±11                     97 ±11              96 ±11              \< 0.001[\*](#tf2-1){ref-type="fn"}
  SBP \[mm Hg\]           133.91 ±22.02              134.13 ±22.84       133.35 ±19.71       0.474
  DBP \[mm Hg\]           75.17 ±11.42               74.51 ±11.69        76.92 ±10.48        0.8314
  Glucose \[mg/dl\]       129.08 ±63.52              128.92 ±60.90       129.52 ±29.96       0.8307
  Cholesterol \[mg/dl\]   191.64 ±40.80              196.16 ±41.67       180.15 ±35.60       0.1274
  TRG \[mmol/l\]          1.90 (1.42--2.77)          1.93 (1.46--2.76)   1.08 (1.19--2.84)   0.1897
  HDL \[mg/dl\]           39.39 ±10.89               41.20 ±11.16        34.96 ±8.39         0.0926
  Insulin \[µIU/ml\]      8.15 ±9.75                 8.59 ±10.68         7.12 ±6.57          0.1499
  HbA~1c~ (%)             8.26 ±2.58                 8.23 ±2.60          8.35 ±2.53          0.4085
  HOMA-IR                 2.47 (1.56--4.33)          2.65 (1.69--4.49)   2.26 (1.41--3.72)   \< 0.001[\*](#tf2-1){ref-type="fn"}

N -- total sample size, n -- sub-group size, BMI -- body max index, WHR -- waist to hip ratio, SBP -- systolic blood pressure, DBP -- diastolic blood pressure, TRG -- triglycerides, HDL -- high-density lipoprotein, HbA~1c~ -- glycated haemoglobin, HOMA-IR -- homeostasis model assessment of insulin resistance. Variables are expressed as means ± SD and median (25^th^--75^th^ percentile).

P-value \< 0.05.

Comparison of allelic frequencies with HapMap and 1000 Genomes Project {#sec3.2}
----------------------------------------------------------------------

The five analysed polymorphisms were in Hardy-Weinberg equilibrium. Allelic frequencies of the five polymorphisms are displayed in [Table III](#t0003){ref-type="table"} and were compared to those reported in HapMap and the 1000 Genomes Project for Mexicans. The frequencies of rs10811661, rs8192678, rs659366, rs2010963 and rs7896005 agreed with these projects.

###### 

Allelic frequencies for six SNPs in diverse studies and patients with T2D

  dbSNP            Actual project   HapMap MXL        1000 GMXL         1000 GCEU         1000 GYRI         1000 GCHB
  ---------------- ---------------- ----------------- ----------------- ----------------- ----------------- -----------------
  rs10811661       T = 0.9 (749)    T = 0.905 (105)   T = 0.891 (114)   T = 0.801 (181)   T = 0.976 (285)   T = 0.555 (152)
  C = 0.1 (81)     C = 0.095 (11)   C = 0.109 (14)    C = 0.199 (45)    C = 0.024 (7)     C = 0.445 (122)   
  rs8192678        C = 0.8 (665)    C = 0.802 (93)    C = 0.773 (99)    C = 0.65 (147)    C = 0.949 (277)   C = 0.581 (158)
  T = 0.2 (165)    T = 0.198 (23)   T = 0.227 (29)    T = 0.35 (79)     T = 0.051 (15)    T = 0.419 (114)   
  rs7896005        A = 0.68 (562)   A = 0.612 (71)    A = 0.617 (79)    A = 0.288 (65)    A = 0.976 (287)   A = 0.826 (223)
  G = 0.32 (268)   G = 0.388 (45)   G = 0.383 (49)    G = 0.712 (161)   G = 0.024 (7)     G = 0.174 (47)    
  rs659366         C = 0.53 (435)   C = 0.561 (64)    C = 0.562 (72)    C = 0.633 (143)   C = 0.534 (157)   C = 0.544 (147)
  T = 0.47 (391)   T = 0.439 (50)   T = 0.438 (56)    T = 0.367 (83)    T = 0.466 (137)   T = 0.456 (123)   
  rs2010963        C = 0.35 (292)   --                C = 0.336 (43)    C = 0.328 (65)    C = 0.306 (66)    C = 0.447 (92)
  G = 0.65 (538)   --               G = 0.664 (85)    G = 0.672 (133)   G = 0.694 (150)   G = 0.553 (114)   

dbSNP -- the single nucleotide polymorphism database, Actual Project -- T2D patients of this study, Data obtained from: MXL -- the HapMap project of USA residents with Mexican ancestry, 1000 GMXL -- 1000 Genomes Project from USA residents with Mexican ancestry, 1000 CEU -- Utah residents with Northern and Western European Ancestry, 1000 YRI -- Yoruba from Ibadan, Nigeria, CHB -- Han Chinese from Beijing, China.

SNP association with T2D traits {#sec3.3}
-------------------------------

Comparison of genotype frequencies with traits is displayed in [Table IV](#t0004){ref-type="table"} and concerning obesity in [Table V](#t0005){ref-type="table"}. Genotyping frequencies of polymorphisms in patients with T2D are not associated with obesity. These frequencies will be useful as a reference for future studies. [Table II](#t0002){ref-type="table"} displays the results of the association analysis of genotype frequencies and for quantitative traits; nominal significance was identified for rs8192678 (*PPARGC1A*) with glucose (*p* = 0.023) and triglycerides (*p* = 0.013); rs2010963 (*VEGFA*) with DBP (*p* = 0.012) and cholesterol (*p* = 0.013) and a significant association with HDL-C (*p* = 0.0007); rs7896005 (*SIRT1*) with DBP (*p* = 0.012) and insulin (*p* = 0.01); and rs659366 (*UCP2*) with cholesterol (*p* = 0.034), glucose (*p* = 0.031) and triglycerides (*p* = 0.028).

###### 

Metabolic traits of the samples stratified by genotype

  dbSNP Genotype   BMI \[kg/m^2^\]    SBP \[mm Hg\]          DBP \[mm Hg\]         CHOL \[mg/dl\]         Glucose \[mg/dl\]      TRG \[mg/dl\]          HDL \[mg/dl\]          Insulin \[mU/ml\]                   HbA~1c~ (%)      HOMA-IR             
  ---------------- ------------------ ---------------------- --------------------- ---------------------- ---------------------- ---------------------- ---------------------- ----------------------------------- ---------------- ------------------- -------------------
  rs10811661       T/T                28 (26--32)            131 (120--148)        76 (68.5--83)          195 (169.5--218)       119 (94--164.5)        171 (127.5--245.5)     39 (34--46)                         9 (6--13)        8 (7--10)           2.82 (1.81--4.43)
  C/T              28.5 (25--31.75)   135 (121--151)         77 (69--82)           186 (165--214)         122 (97--155)          168 (111--214)         38 (33--44)            5 (4--9)                            8 (7--10)        1.74 (0.96--3.88)   
  C/C              31 (26--33)        137 (120--138)         76 (69--77)           211 (197--217)         150 (141--312)         168 (149--272)         47 (42--51)            4 (3--6)                            14 (7--15)       2.22 (1.18--2.38)   
                   *P*                0.966                  0.096                 0.988                  0.089                  0.093                  0.08                   0.086                               0.111            0.133               0.089
  rs8192678        C/C                28 (26--31)            132 (120--148)        76 (68--82)            187 (168--216)         121 (95.5--172.5)      169 (125.5--245)       38 (33--45)                         7 (4--11)        8 (7--10)           2.28 (140--3.85)
  C/T              29 (25.5--32)      134 (123--148)         76 (69--83)           199 (171.5--220.5)     114 (94--150.5)        173 (131--254)         42 (35--49)            10 (7--14)                          8 (7--10)        3.00 (1.86--4.68)   
  T/T              27 (25.5--30.5)    136 (121.5--158.5)     79 (70.5--85)         199 (179.5--224.5)     130 (97--192.5)        156 (128--178)         42 (33--45)            12.5 (8--24.5)                      8 (7--10)        4.60 (2.88--6.45)   
                   *P*                0.651                  0.078                 0.073                  0.063                  0.023                  0.013                  0.087                               0.092            0.314               0.065
  rs2010963        C/C                29 (26--32)            137 (123.5--148.75)   77 (70--82.75)         183 (164.75--214.75)   128 (97--174.5)        149.5 (109.75--248)    38 (33.75--47.25)                   4 (3--9)         8 (7--10)           1.74 (0.97--3.79)
  C/G              29 (26--33)        130 (118--147)         74 (67--81)           188 (169--214)         119 (96--168)          169 (127--231)         38 (33--44)            7 (5--11)                           8.5 (7--10.75)   2.33 (1.47--3.64)   
  G/G              28 (25--31)        134.5 (122--148)       76 (69--83)           199 (170.75--224.25)   115.5 (93.75--157)     174 (132.75--252.25)   41 (34.75--49)         10 (7--14)                          8 (7--10)        3.05 (1.90--4.90)   
                   *P*                0.175                  0.06                  0.012                  0.013                  0.14                   0.081                  0.0007[\*](#tf4-1){ref-type="fn"}   0.105            0.416               0.09
  rs7896005        A/A                28 (25--31)            132 (120--148)        76 (67--80.25)         187.5 (168--215.25)    122 (95--172.25)       168 (122.75--245.25)   38 (33--45)                         6 (4--11)        8 (7--11)           2.19 (1.30--3.56)
  A/G              28 (26--32)        135 (122.25--147.75)   76 (69--83)           195.5 (168--217.75)    119.5 (96.5--157.75)   174 (131.25--245.5)    39 (34--48.75)         9 (6--13)                           8 (7--10)        2.65 (1.79--4.58)   
  G/G              28 (25--32)        134 (118.5--154)       79 (69.5--86)         203 (182--231)         110 (92.5--166.5)      161 (127--248.5)       42 (35--45)            12 (10--19.5)                       8 (6.5--10)      3.72 (2.88--6.33)   
                   *P*                0.867                  0.075                 0.012                  0.065                  0.07                   0.051                  0.106                               0.011            0.592               0.107
  rs659366         C/C                29 (26--32)            134.5 (120--148)      76 (68.75--80)         181 (164--216)         117.5 (94.5--156.5)    169.5 (109.75--242)    32 (28--45)                         5 (4--10)        8 (7--10)           1.89 (1.14--3.54)
  C/T              28 (25--31)        130 (120--147.25)      76 (69--84)           199 (170.5--217)       121 (95.75--175.25)    173 (130--248)         39 (34--46)            8 (5--12)                           8 (7--10)        2.68 (1.82--4.17)   
  T/T              28 (26--32)        136 (123--151)         76 (69--82.5)         199 (177--229)         118 (94--155.5)        165 (128.5--238)       42 (35--49)            11 (7--16)                          8 (7--10)        3.11 (2.04--6.16)   
                   *P*                0.401                  0.06                  0.634                  0.034                  0.031                  0.028                  0.06                                0.17             0.286               0.104

dbSNP -- the single nucleotide polymorphism database, medians (25--75 percentile), BMI -- body max index, SBP -- systolic blood pressure, DBP -- diastolic blood pressure, CHOL -- cholesterol, TRG -- triglycerides, HDL -- high-density lipoprotein, HbA~1c~ -- glycated haemoglobin, HOMA-IR -- homeostasis model assessment of insulin resistance. Nominal significance between 0.01 \> and \< 0.05

Significant p-value \< 0.01, after Bonferroni correction.

###### 

Single-nucleotide polymorphism genotype frequencies in T2D patients with respect to obesity

  Gene and dbSNP                           Genotype   UDW   NW   OW    CIO   CIIO   CIII0   Total
  ---------------------------------------- ---------- ----- ---- ----- ----- ------ ------- -------
  rs10811661[^a^](#tf5-1){ref-type="fn"}   T/T        1     69   155   77    29     8       339
  C/T                                      0          14    29   18    7     3      71      
  C/C                                      0          2     2    0     1     0      5       
  rs8192678                                C/C        1     49   127   61    23     8       269
  C/T                                      0          32    50   2     13    3      100     
  T/T                                      0          4     9    5     1     0      19      
  rs2010963                                C/C        1     9    28    11    8      0       57
  C/G                                      0          40    71   46    17    4      178     
  G/G                                      0          36    87   37    12    7      179     
  rs7896005                                A/A        0     38   89    46    18     3       194
  A/G                                      0          35    78   20    15    7      155     
  G/G                                      1          12    19   10    4     1      47      
  rs659366[^a^](#tf5-1){ref-type="fn"}     C/C        1     23   63    23    8      3       121
  C/T                                      0          41    78   16    22    5      162     
  T/T                                      0          20    44   24    6     3      97      

Polymorphisms associated with obesity in previous studies

UDW -- underweight, NW -- normal weight, OW -- over weight, CIO -- class I obesity, CIIO -- class II obesity, CIIIO -- class III obesity.

SNP association with T2D traits by models of inheritance {#sec3.4}
--------------------------------------------------------

All five polymorphisms were studied for association with several traits in linear regression under three models of inheritance (dominant, recessive and additive). [Table VI](#t0006){ref-type="table"} shows the nominal and significant polymorphisms associated with the best model of inheritance after the Bonferroni correction for multiple testing: *VEGFA* polymorphism rs2010963 was significantly associated with HDL-C (*p* = 0.007) in the additive model, and with nominal significance with HbA~1c~ (*p* = 0.020) in the dominant model, and DBP (*p* = 0.032) in the recessive model. The *UCP2* polymorphism rs659366 was nominally significantly associated with SBP (*p* = 0.025) in the additive model, and polymorphism rs7896005 located in *SIRT1* was significantly associated with DBP (*p* = 0.006) in the recessive model. All models were adjusted for age + sex + BMI, and they were designated following the best Akaike and Bayesian criteria.

###### 

Nominal and significant polymorphisms by trait and model of inheritance

  dbSNP       Model       Coef. β (95% CI)            Trait     *P*-value
  ----------- ----------- --------------------------- --------- ----------------------------------
  rs2010963   Additive    --0.12 (--0.20 -- --0.03)   HDL       0.007[\*](#tf6-1){ref-type="fn"}
  rs2010963   Dominant    --0.17 (--0.30 -- --0.03)   HbA~1C~   0.02
  rs2010963   Recessive   0.05 (0.00--0.09)           DBP       0.032
  rs659366    Additive    0.02 (0.00--0.05)           SBP       0.025
  rs7896005   Recessive   --0.06 (--0.11-- --0.02)    DBP       0.006[\*](#tf6-1){ref-type="fn"}

dbSNP -- the single nucleotide polymorphism database, models adjusted by age + sex + BMI, DBP -- diastolic blood pressure, HbA~1c~ -- glycated haemoglobin, HDL -- high-density lipoprotein, SBP -- systolic blood pressure, the coefficient β is shown (95% CI) with log-transformed values, nominal significance between 0.01 \> and \< 0.05

significant p-value \< 0.01, after Bonferroni correction.

SNP association with T2D traits by pairwise association test {#sec3.5}
------------------------------------------------------------

Results of the association test among paired SNPs ([Table VII](#t0007){ref-type="table"}) showed that all SNPs are independent of one another. Further, if the analysis is performed with all the SNPs independently of HOMA-IR, the results are the same, as SNPs are independent of one another. However, a significant value was found for the pair rs8192678 and rs10811661 (exact Pr ≥ χ^2^ 0.966). Finally, because arterial systemic hypertension displayed an unbalanced distribution with a high coefficient of variation, to determine its influence on the results, a power analysis was performed in the unbalanced distribution by dividing the variable of HBP (high blood pressure) into three subgroups ([Table VIII](#t0008){ref-type="table"} and [Figure 1](#f0001){ref-type="fig"}). The results showed that a difference between means of around 0.10 times had an SD = 0.55, which can be detected as significant with a probability of 0.92. The genetic effect calculated ([Tables IX](#t0009){ref-type="table"} and [X](#t0010){ref-type="table"}) showed good power (0.80) with an accuracy of approximately 10% in most cases. We marked in bold the percentages greater than 10%.

###### 

Association test among paired SNPs

  dbSNP       Exact Pr ≥ χ^2^   
  ----------- ----------------- --------
  rs8192678   rs10811661        0.9666
  rs2010963   rs10811661        0.9301
  rs659366    rs2010963         0.693
  rs8192678   rs7896005         0.3482
  rs659366    rs8192678         0.3005
  rs659366    rs10811661        0.287
  rs2010963   rs7896005         0.287
  rs659366    rs7896005         0.2568
  rs8192678   rs2010963         0.1948
  rs7896005   rs10811661        0.1005

dbSNP -- single nucleotide polymorphism database.

###### 

Power analysis for arterial systemic hypertension categorical variable

  Average *N* per group   Number of groups[^a^](#tf8-1){ref-type="fn"}   Total *N*   α      β        Standard deviation between individuals   Effect size, X times Std. Dev.   Power
  ----------------------- ---------------------------------------------- ----------- ------ -------- ---------------------------------------- -------------------------------- --------
  138.3                   3                                              415         0.05   0.9474   0.55                                     0.005                            0.0526
  138.3                   3                                              415         0.05   0.9396   0.55                                     0.010                            0.0604
  138.3                   3                                              415         0.05   0.9064   0.55                                     0.020                            0.0933
  138.3                   3                                              415         0.05   0.8461   0.55                                     0.030                            0.1531
  138.3                   3                                              415         0.05   0.7558   0.55                                     0.040                            0.2427
  138.3                   3                                              415         0.05   0.6376   0.55                                     0.050                            0.3600
  138.3                   3                                              415         0.05   0.5015   0.55                                     0.060                            0.4954
  138.3                   3                                              415         0.05   0.3635   0.55                                     0.070                            0.6332
  138.3                   3                                              415         0.05   0.2403   0.55                                     0.080                            0.7565
  138.3                   3                                              415         0.05   0.1436   0.55                                     0.090                            0.8537
  138.3                   3                                              415         0.05   0.0772   0.55                                     0.100                            0.9209
  138.3                   3                                              415         0.05   0.0370   0.55                                     0.110                            0.9618
  138.3                   3                                              415         0.05   0.0158   0.55                                     0.120                            0.9835
  138.3                   3                                              415         0.05   0.0060   0.55                                     0.130                            0.9937
  138.3                   3                                              415         0.05   0.0020   0.55                                     0.140                            0.9979
  138.3                   3                                              415         0.05   0.0006   0.55                                     0.150                            0.9994
  138.3                   3                                              415         0.05   0.0002   0.55                                     0.160                            0.9998
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.170                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.180                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.190                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.200                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.210                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.220                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.230                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.240                            1.0000
  138.3                   3                                              415         0.05   0.0000   0.55                                     0.250                            1.0000

The total number of individuals tested was divided into three groups and means were compared.

###### 

Effect β~g~ calculated with Quanto software by regression coefficient according to three models of inheritance

  Variable     DBP \[mm Hg\]   Glucose \[mg/dl\]   HbA~1c~ (%)   CHOL \[mg/dl\]   HDL \[mg/dl\]   SBP \[mm Hg\]   TRG \[mg/dl\]   HOMA-IR   BMI \[kg/m^2^\]   Insulin \[mU/ml\]          
  ------------ --------------- ------------------- ------------- ---------------- --------------- --------------- --------------- --------- ----------------- ------------------- ------ ------
  dbSNP        MAF             *N*                 406           406              408             406             406             406       406               355                 409    357
  Mean         77.4            102                 11.2          179              49.8            143             154             2.20      31.3              6.96                       
  SD           11.41           63.56               2.582         40.78            10.84           22.04           165.6           3.960     5.071             9.687                      
  rs10811661   0.10            Additive            3.80          **21.2**         0.861           **13.6**        3.61            7.35      **55.2**          1.62                1.69   3.95
  Dominant     **16.22**       **90.3**            3.670         **58.0**         **15.41**       **31.33**       **235.4**       6.89      7.21              **16.86**                  
  Recessive    4.11            **22.9**            0.931         **14.7**         3.91            7.95            **59.7**        1.75      1.83              4.28                       
  rs2010963    0.35            Additive            2.39          **13.3**         0.541           8.5             2.27            4.62      **34.7**          1.02                1.06   2.49
  Dominant     4.92            **27.4**            1.114         **17.6**         4.68            9.51            **71.4**        2.09      2.19              5.12                       
  Recessive    3.27            **18.2**            0.739         **11.7**         3.10            6.31            **47.4**        1.39      1.45              3.40                       
  rs659366     0.47            Additive            2.29          **12.7**         0.517           8.2             2.17            4.42      **33.2**          0.97                1.02   2.38
  Dominant     3.89            **21.7**            0.880         **13.9**         3.70            7.51            **56.5**        1.65      1.73              4.04                       
  Recessive    3.59            **20.0**            0.813         **12.8**         3.41            6.94            **52.1**        1.53      1.60              3.73                       
  rs7896005    0.32            Additive            2.45          **13.6**         0.554           8.7             2.32            4.72      **35.5**          1.04                1.09   2.54
  Dominant     5.32            **29.6**            1.204         **19.0**         5.06            **10.28**       **77.2**        2.26      2.37              5.53                       
  Recessive    3.24            **18.0**            0.732         **11.6**         3.07            6.25            **47.0**        1.38      1.44              3.37                       
  rs8192678    0.20            Additive            2.85          **15.9**         0.646           **10.2**        2.71            5.51      **41.4**          1.21                1.27   2.97
  Dominant     8.23            **45.9**            1.863         **29.4**         7.82            **15.91**       **119.5**       3.50      3.66              8.56                       
  Recessive    3.36            **18.7**            0.761         **12.0**         3.19            6.49            **48.8**        1.43      1.49              3.50                       

dbSNP -- the single nucleotide polymorphism database, MAF -- minor allele frequency, N -- number of individuals per variable, SD -- standard deviation, DBP -- diastolic blood pressure, HbA~1c~ -- glycated haemoglobin, CHOL -- cholesterol, HDL -- high-density lipoprotein, SBP -- systolic blood pressure, TRG -- triglycerides, HOMA-IR -- homeostasis model assessment of insulin resistance, BMI -- body max index. All the traits were rank-based inverse normal transformed. Accuracy greater than 10% is marked in **bold** numbers.

###### 

Effect β~g~ calculated with Quanto software as percentage of the mean according to three models of inheritance

  Variable     DBP \[mmHg\]   Glucose \[mg/dl\]   HbA~1c~ (%)   CHOL \[mg/dl\]   HDL \[mg/dl\]   SBP \[mm Hg\]   TRG \[mg/dl\]   HOMA-IR     BMI \[kg/m^2^\]   Insulin \[mU/ml\]         
  ------------ -------------- ------------------- ------------- ---------------- --------------- --------------- --------------- ----------- ----------------- ------------------- ----- ----------
  dbSNP        MAF            *N*                 406           406              408             406             406             406         406               355                 409   357
  Mean         77.4           102                 11.2          179              49.8            143             154             2.20        31.3              6.96                      
  SD           11.41          63.56               2.582         40.78            10.84           22.04           165.6           3.960       5.071             9.687                     
  rs10811661   0.10           Additive            4.9           **20.9**         7.7             7.6             7.3             5.1         **35.7**          **73.6**            5.4   **56.8**
  Dominant     **20.9**       **88.9**            **32.8**      **32.4**         **31.0**        **21.9**        **152.4**       **314.0**   23.0              **242.2**                 
  Recessive    5.3            **22.6**            8.3           8.2              7.9             5.6             **38.7**        **79.6**    5.8               **61.4**                  
  rs2010963    0.35           Additive            3.1           **13.1**         4.8             4.8             4.6             3.2         **22.5**          **46.3**            3.4   **35.7**
  Dominant     6.4            **27.0**            9.9           9.8              9.4             6.7             **46.3**        **95.3**    7.0               **73.5**                  
  Recessive    4.2            **17.9**            6.6           6.5              6.2             4.4             **30.7**        **63.3**    4.6               **48.8**                  
  rs659366     0.47           Additive            3.0           **12.5**         4.6             4.6             4.4             3.1         **21.5**          **44.3**            3.2   **34.1**
  Dominant     5.0            **21.3**            7.9           7.8              7.4             5.3             **36.6**        **75.3**    5.5               **58.1**                  
  Recessive    4.6            **19.7**            7.3           7.2              6.9             4.9             **33.7**        **69.5**    5.1               **53.6**                  
  rs7896005    0.32           Additive            3.2           **13.4**         4.9             4.9             4.7             3.3         **23.0**          **47.4**            3.5   **36.5**
  Dominant     6.9            **29.2**            **10.8**      **10.6**         **10.2**        7.2             **50.0**        **103.1**   7.6               **79.5**                  
  Recessive    4.2            **17.7**            6.5           6.5              6.2             4.4             **30.4**        **62.7**    4.6               **48.3**                  
  rs8192678    0.20           Additive            3.7           **15.6**         5.8             5.7             5.4             3.9         **26.8**          **55.2**            4.1   **42.6**
  Dominant     **10.6**       **45.1**            **16.6**      **16.4**         **15.7**        **11.1**        **77.4**        **159.4**   **11.7**          **123.0**                 
  Recessive    4.3            **18.4**            6.8           6.7              6.4             4.5             **31.6**        **65.1**    4.8               **50.2**                  

dbSNP -- the single nucleotide polymorphism database, MAF -- minor allele frequency, N -- number of individuals per variable, SD -- standard deviation, DBP -- diastolic blood pressure, HbA~1c~ -- glycated haemoglobin, CHOL -- cholesterol, HDL -- high-density lipoprotein, SBP -- systolic blood pressure, TRG -- triglycerides, HOMA-IR -- homeostasis model assessment of insulin resistance, BMI -- body max index. All the traits were rank-based inverse normal transformed. Accuracy greater than 10% is marked in bold numbers.

![These results are for the worst case that corresponds to the variable HBP and has a high variance coefficient and the largest unbalanced distribution with the gene rs10811661 in the three groups. A difference between means around 0.10 times the standard deviation can be detected as significant with a probability of 0.92](AMS-14-32411-g001){#f0001}

The GeneMANIA bioinformatics analysis for interaction among *CDKN2A/CDKN2B* and *SIRT1* with *CDK6* and *MCM10* genes are displayed in [Figure 2](#f0002){ref-type="fig"}. The results showed that *CDKN2A*, *CDKN2B* and *SIRT1* interact with *CDK6*; and *CDKN2A* and *SIRT1* interact with the *MCM10* homologue gene ([Figure 2](#f0002){ref-type="fig"}).

![Physical interaction analysis for CDKN2A, CDKN2B and SIRT1. This figure displays the analysis of the three genes (green circle) by the GeneMANIA bioinformatics, showing that CDKN2A, CDKN2B and SIRT1 interact with CDK6, and CDKN2A and SIRT1 interact with the homologous gene MCM10](AMS-14-32411-g002){#f0002}

Discussion {#sec4}
==========

Diabetes is the third cause of death in Mexico. It is the leading cause of death in women and the second in men \[[@cit0021]\]. One of the efforts to counteract the impact of this disease has been to study the genetic influences in the Mexican mestizo population to establish primary prevention measures and improve treatment. Therefore, rs10811661, rs8192678, rs7896005, rs659366 and rs2010963, which have been associated with T2D in European, Chinese, Pima and Maya populations \[[@cit0008]--[@cit0015], [@cit0022]--[@cit0025]\], were selected to study their association with traits related to diabetes.

*CDKN2A/B* genes are expressed in adipocytes and pancreatic islets and play a role in β-cell function and regeneration. The polymorphism rs10811661 located 125 kb upstream of these genes has been identified as a risk allele in a contemporaneous Mayan population \[[@cit0025]\] containing lower rates of dispersion and a high predisposition to obesity, diabetes and consanguineous marriage \[[@cit0026]\]. Our results showed no statistically significant difference in allele frequency of this variant compared to HapMap and the 1000 Genomes Project, or with any of the traits related to T2D. Future analysis of rs10811661 in multi-ethnic Mexican cohorts to elucidate its implications and impact on T2D is suggested.

*PPARGC1A* is a coactivator of nuclear receptors and other transcription factors that regulate mitochondrial biogenesis, respiration, hepatic gluconeogenesis and muscle fibre type switching \[[@cit0027], [@cit0028]\]. The frequencies obtained for rs8192678 had a difference of 2.2% compared with the 1000 Genomes Project and a difference of 10% with Mexicans from West Mexico (Jalisco State) \[[@cit0029]\]. The distribution difference obtained between these populations could represent different ancestry and migration history between central and western Mexico. Stratification of genotype frequencies resulted in significant nominal values for glucose (*p* = 0.023) and triglyceride levels (*p* = 0.013). This polymorphism has been associated with T2D in populations from China \[[@cit0009]\], and Denmark \[[@cit0010]\]; however, it has not been studied widely in Mexican populations for T2D related traits \[[@cit0030]\]. Consequently, association studies for this gene must be replicated.

Polymorphism rs2010963 in *VEGFA* has been associated with diseases, such as amyotrophic lateral sclerosis \[[@cit0031]\]. Allelic frequencies of this polymorphism in Mexicans reported in a case-control study with preeclampsia showed no evidence of an association of *VEGFA* alleles or haplotype frequencies with this disease \[[@cit0032]\]. However, diabetes complications, such as retinopathy with vascular implications, have been associated with rs2010963 in case-control studies \[[@cit0012], [@cit0013], [@cit0033]\]. Furthermore, metabolic traits analysed in T2D patients of this study showed a significant *p*-value for low HDL-C levels (Coef β (95% CI); --0.12 (‒0.20 -- ‒0.03), *p* = 0.007) in the additive model and after correcting for multiple comparisons. The impact of the risk allele in the additive model could predispose people with T2D to cardiovascular diseases. A Slovenian group of 143 subjects with T2D and myocardial infarction (MI) was compared with 228 diabetic subjects without the disease, and the polymorphism rs2010963 was associated with MI \[[@cit0034]\]. These results are in agreement with our results, suggesting an impact of this polymorphism on low HDL-C levels and in the development of MI in patients with T2D. The present findings strengthen the contribution of *VEGFA* to variation in blood lipid levels, mainly for HDL-C. Additionally, a nominal association with HbA~1c~ (*p* = 0.020; dominant model) and DBP (*p* = 0.032; recessive model) was also observed in our study. To the authors' best knowledge, however, no information has become available on the association of polymorphism rs2010963 with HDL-C levels. These results support the association of rs2010963 in VEGFA with MI in patients with T2D \[[@cit0035]\]. The identification of genes sharing this covariance can be a target for future functional or clinical-intervention studies \[[@cit0036]\].

*SIRT1* is a stress-response and chromatin-silencing factor, and in Pima Native American populations, rs7896005 has been associated with reduced acute insulin in response to an intravenous glucose bolus (adjusted *p* = 0.045) \[[@cit0015], [@cit0037]\]. This polymorphism displayed a significant association with DBP (Coef β (95% CI): --0.06 (--0.11 -- --0.02), *p* = 0.006) in the recessive model, suggesting a protective role. This is the first study testing the association between rs7896005 and DBP in Mexicans. In mice, *SIRT1* overexpression in vascular smooth muscle cells has been reported to reduce SBP \[[@cit0038]\], but not DBP.

*UCP2* separates oxidative phosphorylation from ATP synthesis with energy dissipated as heat, also referred to as mitochondrial proton leak \[[@cit0039]\]. Allele frequencies displayed a difference of 3% with the reports from the international projects for Mexicans from Los Angeles, without significance. A recent meta-analysis using three cohorts from Europeans (20,242 individuals) showed that rs659366 was associated with liver dysfunction because γ-glutamyl transferase levels varied by genotype with an interaction with waist-to-hip ratio and body mass index \[[@cit0040]\]. However, in the present study no association with any of the T2D-related traits was found.

Diabesity is used to refer to a form of diabetes that typically develops due to obesity; however, only a fraction of people with obesity develop diabetes (\< 10%) \[[@cit0041]\]. Previous studies have shown that rs10811661, rs8192678 and rs659366 were associated with obesity and T2D \[[@cit0008]--[@cit0011], [@cit0040]\], but our results did not show an association between these SNPs and obesity in this Mexican mestizo population. Furthermore, when the group of patients with T2D was divided and analysed by the binary variable obesity in the logistic regression, no association with SNPs was found (results not included). Association of the polymorphism rs10811661 at *CDKN2A/2B* with obesity and diabetes has been replicated in low-medium size samples. Therefore, the lack of association in this study may be due to the sample size or the stratification in the analysis. Nevertheless, some studies have shown that most obese, insulin-resistant individuals do not develop hyperglycaemia, maintaining a healthy β-cell level despite obesity \[[@cit0042], [@cit0043]\]. Furthermore, only three loci have been found to share a strong association (*FTO*, *MC4R* and *QPCTL/GIPR*) and genetic correlation between T2D and obesity \[[@cit0044]\]; therefore, there remains a need to study traits as new sources of covariance for diabesity.

According to the results of the association test among paired SNPs, for rs8192678 and rs10811661 (0.9666 for exact Pr ≥ χ^2^), a bioinformatics analysis for genetic interaction was performed to support these results. However, a direct interaction between these SNPs was not found, but identification of intermediary genes, such as the rich human β-cell proliferation *CDK6* \[[@cit0045]\] interaction with these two SNPs in *SIRT1* and the *CDKN2A/2B* locus, was observed. *CDK6* codes for a kinase regulated by cyclin D. A mutation in this kinase has been reported to reduce cell proliferation and impair cell motility and polarity (<https://www.ncbi.nlm.nih.gov/gene/1021>). A stronger interaction was observed between *CDKN2A* and *CDK6* than between *CDKN2B* and *CDK6* ([Figure 2](#f0002){ref-type="fig"}). A robust interaction was also observed between *SIRT1* and *CDKN2A* with *MCM10*, which is required for both initiation and elongation during chromosomal DNA replication \[[@cit0046]\]. These interactions support a role of regulatory factors during β-cell-cycle progression in the pathogenesis of T2D, and as a result, this may influence insulin synthesis and secretion.

The non-coding regulating polymorphisms in the *CDKN2A* and *SIRT1* genes could affect β-cell replication through the interaction with *CDK6* and *MCM10* and the regulation of the cell cycle in pancreatic cells. Consequently, additional bioinformatics analysis and functional studies *in vitro* and *in vivo* are needed to test this hypothesis.

In conclusion, our results indicated that *VEGFA* (rs2010963) and *SIRT1* (rs7896005) gene polymorphisms are associated with the cardiometabolic traits HDL-C and DBP respectively in T2D patients. These findings may explain the susceptibility to develop cardiovascular complications and derived comorbidity as the main cause of death in Mexican patients with T2D. This association should be replicated in other Mexican populations to strengthen these findings.
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